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ABSTRACT
Two epoxide-amine resin systems are examined in this 
investigation: a formulated TGDDM/DDS epoxy resin and an
unformulated DGEBA/MDA epoxy resin system. Three different 
instrumental techniques are implemented for characterization 
of the resin systems: the Frequency-Dependent Impedance
Measurement Sensing technique, Differential Scanning 
Calorimetry, and rheometry.
In the first part of this research the tetraglycidyl epoxy 
resin is subjected to a full analysis so that its molecular 
parameters attained from FDIMS could subsequently be 
correlated with processing parameters generated by the DSC and 
the rheometer.
In the second portion of this study two distinct ratios of the 
DGEBA resin to MDA, its aromatic amine curing agent, are 
prepared. FDIMS is employed to monitor the material’s ionic 
and dipolar mobility as the epoxy resin evolves from a viscous 
liquid to a crosslinked solid. The material is also subjected 
to thermal and rheological characterization in order to gain 
more information regarding its chemical, rheological, and 
morphological properties.
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DIELECTRIC MONITORING OF THE CHEMICAL, RHEOLOGICAL, 
AND MORPHOLOGICAL CHANGES INCURRED DURING 
CURE OF EPOXIDE-AMINE SYSTEMS
2Introduction:
The principal objective in this investigation was to 
fundamentally understand the changing ionic and dipolar 
mobility of an epoxy-amine resin system, with regard to its 
chemistry, rheology, and morphology by implementing the 
Frequency Dependent Impedance Measurement Sensing (FDIMS) 
technique. This was accomplished by performing a series of 
experiments on two distinct ratios of the diglycidyl epoxy 
resin to the amine curing agent and by monitoring the 
properties of the resin systems as they evolved from viscous 
liquids to crosslinked solids.
Comparisons between the two mixtures were made upon 
completion of each experiment and data analysis. Following 
a full investigation of its chemical, rheological, and 
morphological behavior this polymeric resin could be 
utilized as a model compound in subsequent studies of epoxy 
resin systems.
Another aim was to prove that FDIMS as well as the use of 
kinetic and chemoviscosity models are, for example, 
reputable for selecting and controlling the processing 
properties of a resin as it is integrated with a unique 
medium to form a composite material. Other applications run
the gamut from monitoring 'in-situ' the fabrication of a 
part in an autoclave to detecting the environmental effects 
on the rate and extent of polymerization of a coating 
material [1-3].
According to D.E. Kranbuehl [1-3] it is critical that the 
material parameters, particularly the viscosity, be 
monitored and controlled both during impregnation and cure. 
Hence, it is imperative that effective analytical models be 
developed to predict the viscosity and the degree of cure of 
the polymeric resin. Another purpose for employing FDIMS 
would be to verify the predictions of the analytical models 
and perhaps refine them.
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Chapter I: Instrumental Techniques
FDIMS Technique:
The Frequency-Dependent Impedance Measurement Sensing 
(FDIMS) technique developed by D.E. Kranbuehl [1-7] has 
proven on numerous occasions to be an impressive means for 
characterizing assorted resin systems. This procedure is 
noted for its ability to monitor a system as it endures 
physical and chemical transformations. Information such as 
reaction onset, point of maximum flow, extent of reaction, 
glass transition temperature, and reaction completion can be 
extracted from the output and is invaluable for 
understanding the behavior of the polymeric material.
FDIMS has also proven to be a practical method for 
discovering suitable applications for a particular polymeric 
system or for optimizing its mechanical properties. More 
specifically, FDIMS can elucidate the polymer’s sensitivity 
to dynamic conditions such as age and handling, apart from 
determining the cure cycle of the resin system.
The molecular parameters attained from the FDIMS output can
5
6be correlated with processing parameters such as viscosity 
and extent of reaction. For this reason, this sensing 
technique is particularly beneficial to this study. As 
described in previous literature [1-7], it is a convenient 
procedure for monitoring in-situ the processing features of 
the resin since data are accrued automatically throughout 
the polymerization process. In order to fully comprehend 
potential applications of FDIMS one might first consider the 
instrumentation and the experimental theory.
FDIMS Instrumentation
A disposable Dek Dyne sensor is used to continually measure 
capacitance, C, and conductance, G, during the course of 
each dielectric experiment. The microsensor patented by 
Kranbuehl (1987-89) has a functional surface area of 2 cm2 
and a thickness of 3 mils (film) and 20 mils (glass). Two 
interdigitated comb electrodes are fixed on the surface of 
a thin inert substrate such as glass or Kapton.
Samaemoteria! • • 7
: vj-r£!*ctrw«
i Substrate
Figure 1.1. Schematic diagram illustrating the
interdigitated comb electrodes of a DekDyne 
sensor, from Kranbuehl (1990).
7The sensor's architecture enables it to abide temperatures 
above 400 °C and pressures in the realm of 1 x 10® Pa, as 
well as oxidative conditions [4],
Measurements are made using a Schlumberger-Solartron 1260 
Impedance Gain-Phase Analyzer or a Hewlett-Packard 4192A LF 
Impedance Analyzer in conjunction with a Zenith Data Systems 
386 computer. The analyzer serves as the interface between 
the sensor and the computer by converting the measurements 
into molecular parameters (Figure 1.2).
Processing Tool
Sensor
Heat
Pressure
Time
Frequency Dependent 
Impedance Measurement
Impedance Analyzer]
Z (to), e (to)
Frequency/Time 
Molecular Mobility Models
Computer
Molecular Parameters 
Ionic Mobility
o, n
Dipolar Mobility 
T, C , €
Frequency/Time 
Molecular Models 
Data Base
|i'Computer!
Processing Parameters 
rj. Degree of Cqra a
T,.Tm
Volatizaticn
Figure 1.2. Block diagram of the frequency-dependent
electrical apparatus, from Kranbuehl (1990).
The DekDyne Data Acquisition Software computes complex 
permittivity, e = e' -ie" over a frequency range of 5 Hz to 
1 MHz, using values of C and G attained regularly as the 
experimental run progresses.
8FDIMS Theory
Complex permittivity is calculated using the following 
expressions (eq. 1):
e' = C(w) material e" = G(w) material (1)
C0
where w=2Tijr, f denotes the frequency, and CQ accounts for 
the ’air-replaceable' capacitance. These relationships can 
be derived from the general expression for impedance, Z (eq. 
2):
Z"1 = G + iwC (2)
The real and imaginary elements of complex permittivity, e*, 
each include an ionic term as well as a dipolar term, as 
declared in eq. 3:
e'(w) = e'(w)d + e'CwJi (3a)
e"(w) = e"(w)d + e'^wJi (3b)
The dipolar component, which originates from rotational 
diffusion of bound charge or from molecular dipole moments, 
is normally the principal factor governing the impedance
9signal at high frequencies and in extremely viscous 
material.
The Cole-Davidson [2,8] function is frequently employed to 
exhibit the frequency dependence of the dipolar component 
(eq. 4):
e*(w)d = eu + e, - eu  (4)
(1 + iwx)"
where er and eu represent the minimum and maximum frequency 
values of e*, x, a typical dipolar relaxation time that 
quantifies the rotational mobility of the dipoles, and 6, a 
parameter which considers the relaxation time distribution.
The effect of the ionic component supersedes that of the 
dipolar component at lower frequencies and in fluid media. 
Dense layers of localized charge form about the electrodes 
due to the presence of mobile ions. Consequently, the space 
charge capacitance, e', can become substantial.
In eq. 5 & 6 the actual permittivity e' and the loss factor 
e" are expressed in terms of the ionic conductivity o, 
relaxed permittivity er, and unrelaxed permittivity eu [8]:
10
£ ■ + i-Lr---—u -5 (5)
1 + (wx)2
e" = a + (sr -su)(wt) (6)
W£q 1 + (WT)2
where e 0 (8*85 x 10~14 Farads/cm) denotes the permittivity 
of free space, a represents the ionic conductivity (£2“1 cm" 
1 ), and finally er and eu symbolize relaxed and unrelaxed 
permittivity, respectively.
The first term in eq. 5 accounts for the translational 
motion through the medium while the second term accounts for 
electrode polarization effects. Ciriscioli and Springer 
(1989) profess that the latter term is negligible when:
( s r  -  su)( w 2 t )  < < a  ( 7 )
1 + (w t ) e0
Conductivity can now be correlated with the loss factor,
, at frequencies which comply with the above statement, 
as shown in eq. 8 [8]:
e '^w ~ q (8)
It is difficult to assess electrode polarization at
11
frequencies where equation 7 does not hold. Hence, 
measurements of the frequency dependence of e* are made in 
the Hz to MHz range. One can effectively evaluate both 
ionic mobility, a, and dipolar mobility, x, in this region 
[4,7].
12
Differential Scanning Calorimetry:
A differential scanning calorimeter (DSC) is designed to 
simultaneously measure the difference in the amounts of heat 
transferred between two calorimetric cells while monitoring 
heat transfer as a function of temperature. Hence, this 
apparatus is also useful for characterizing polymeric resin 
systems.
DSC Instrumentation
As depicted in Figure 1.3, one of the small platinum 
containers encapsulates the polymer sample while the other 
contains an inert reference [9].
p t
sensors
-W W W V ■VwWvW
Individual
healers
Figure 1.3. Schematic diagram of the cells in the 
Perkin-Elmer DSC-2, from Gaud (1982).
The heat sensors are designed to monitor the temperature of 
the cells. If the resin sample absorbs heat abruptly during 
a transition, the sensor is prepared to initiate a greater
13
current flow through the heater to compensate for the loss 
[9].
A Perkin-Elmer instrument (DSC-7) was used to perform the 
experiments in the laboratory.
DSC Theory
The DSC has been employed to assess the extent of 
polymerization, the glass transition temperature, and the 
kinetic behavior of a particular material as it polymerizes 
[10-12]. The rate of heat generation, dQ/dt, could be 
measured using either isothermal or dynamic scanning.
Isothermal scanning has proven useful for determining the 
amount of heat released, H, up to time, t (eg. 9). The 
amount of heat released can be determined when the rate of 
heat generation is plotted versus time and the area under 
the curve is determined [12].
H = t (dQ/dt)dt (9)
0
Dynamic scanning is utilized for ascertaining the total heat 
of reaction, HR (eq. 10). Similarly, HR can be found by 
integrating under the curve generated when the heat 
generation is plotted versus time.
Hr = ft* (dQ/dt )dt 
JO
14
(10)
It is assumed that the heat evolved during polymerization is 
proportional to the extent of reaction, a. Therefore, it 
can be asserted that:
o = h/hr (11)
In addition to ascertaining a the DSC can be employed to
determine the glass transition temperature, Tg, of a 
material. Tg has been defined as the transition point at 
which a polymer converts from a glass into a rubbery state 
[13]. The method often exercised to obtain the glass
transition temperature at various degrees of cure entails 
interrupting the reaction at different times by thermal 
quenching, and then scanning the sample over a wide 
temperature range to attain the Tg. Subsequently, the glass 
transition temperature at the degree of cure, Tg(a), can be 
correlated with a which proves quite useful.
As put forth by Wisanrakkit and GiIlham (1990), Tg is 
sensitive to the changes in conversion and, thus, can be 
measured more accurately than the residual heat of reaction 
when a DSC temperature scan is performed. It should be
clarified that Wisanrakkit and Gillham calculated extent of 
conversion, a, by using eq. 12:
a = 1 - Hr/HR
15
(1 2)
where Hr denotes the residual heat of reaction and HR the 
total heat of reaction.
The conventional processing parameter, Tg, will be explored 
more extensively in subsequent chapters.
Kinetics:
Pre-existing kinetic models generated to describe the 
Hercules 3501-6 resin system have been presented by several 
authors.
One model, which was first proposed by K. Horie (1970) 
(cited in reference 14) and further investigated by W. Lee, 
A. Loos, and G. Springer (1982) [12], involves performing 
isothermal scanning experiments to determine degree of cure, 
a, and the rate of degree of cure, da/dt. It was concluded 
that the following equations adequately describe the data:
da/dt = (K-, + K2a)(1 - a)(0.47 - a) a < 0.3 (13)
da/dt = K3O  - a) a > 0 . 3  (14)
where
K1 = A-| exp(-6E1/RT) (15)
K2 = A2 exp(-6E2/RT) 
k3 = A3 exp(-6e3/rt)
16
(16)
(17)
A^, A2, A3 are the pre-exponential factors; 6E^, 6E2, 6E3, 
the activation energies; R, the universal gas constant; and, 
finally, T is the absolute temperature. The values of A-j, 
A2, A3 and 6E1, 6E2, 6E3 will be reported after embarking on 
a detailed description of the experimental analysis.
Another model has been developed by P. Chiou and A. Letton 
(1990) of Texas A&M University. It was asserted that an 
epoxy resin with complex curing reactions such as Hercules 
3501-6 should not be subjected to an isothermal kinetic 
analysis since one reaction may dominate at a specific 
temperature, while others may dominate at other 
temperatures.
Dynamic DSC scans were executed at three different heat 
rates. As a result of three visible peaks (a major, medium, 
and minor peak), at least three reactions are believed to be 
occurring during the course of the curing reaction. The 
authors concluded that the reaction affiliated with the 
major peak will dominate at high temperatures, while the two 
smaller peaks will dominate at lower temperatures.
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Thus, Chiou and Letton [15] proclaim that the complex 
reaction kinetics for Hercules 3501-6 can be represented by 
three n-th order independent reactions. Eq. 18 depicts the 
overall reaction rate:
3
da/dt = £ g ±A ± exp (E±/RT) (g± - a ±)n (18)
i=1
These data, as well as the Loos/Springer results, will be 
compared with the experimental data in a subsequent chapter.
18
Rheology:
Rheology has been defined as the study of material response 
to deformation [16]. Thus, initially it would be 
appropriate to discuss a few concepts fundamental to this 
science.
The elasticity of a material, or its capacity to store 
deformational energy, can be perceived as the material's 
capability to regain its original shape after distortion. 
Conversely, viscosity depicts a material's resistance to 
flow and exhibits its ability to dissipate deformational 
energy through flow. When subjected to an applied force, 
materials will display either elastic, viscous, or 
'viscoelastic' behavior, a combination of both mechanisms 
[16].
Most polymeric materials are viscoelastic, therefore, both 
their viscous and elastic properties must be assessed in 
order to discern their rheology and application performance. 
Dynamic mechanical testing permits both properties to be 
evaluated simultaneously.
Dynamic Mechanical Testing
19
It should be noted that in Theological measurements the 
deformational force is represented as the stress, or force 
per unit area. The amount of deformation in a material or 
its displacement relative to the initial sample length or 
thickness is expressed as the strain. The change in strain 
with time is defined as the shear rate [16,17].
A dynamic mechanical test entails measuring stress upon 
applying a sinusoidal strain to a sample. If the material 
behaves as an ideal elastic solid, then, as Hooke's law 
states, the resulting stress can be related to the amplitude 
of the strain, and the stress and the strain signals are in 
phase [16,17]. Furthermore, if the sample functions as an 
ideal fluid then the stress is proportional to the 
derivative of the strain, which is in accord with Newton's 
law [16,17]. Under ideal fluid conditions the stress and 
strain signals are out of phase by 90°.
The above information is valuable in monitoring a material's 
properties by correlating its viscous and elastic stresses 
with strain. More specifically, the ratio of the elastic 
stress to strain, known as the elastic or storage modulus, 
G', reflects the material's capacity to store energy 
elastically. Likewise, the ratio of the viscous stress to 
strain, or the viscous or loss modulus, G", represents its
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ability to dissipate energy as heat. The overall resistance 
to deformation is depicted by the measurement, G*, or 
complex modulus. Finally, the overall resistance to flow as 
a function of shear rate can be delineated as p , the 
dynamic viscosity of the material. Illustrated
mathematically,
n* = G*/w (19)
where w is the angular frequency.
Apart from furnishing the above parameters dynamic 
mechanical testing is also indirectly employed to generate 
chemoviscosity models. Hercules 3501-6 is one of the epoxy 
resin systems of interest in this investigation; thus it 
would also be apropos to present a synopsis of pre-existing 
chemoviscosity models devised to describe this polymeric 
resin system [12,15].
W. Lee, A. Loos, and G. Springer (1982) sought the following 
expression to correlate the viscosity and degree of cure, 
both of which are time-dependent:
u = H.. exp(U/RT + Ka) (20)
where p.,* is a constant, U is the activation energy for
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viscosity, and K is a constant independent of temperature. 
Equations 21 & 22 were used to ascertain the constants 
specified above. Equation (20) was rewritten as:
ln(\x) = A + Ka (21 )
where
A = lnCiO + U/RT (22)
The parameter A and the constant K were found after 
subjecting the p. vs. a data accrued at constant temperature 
to a linear fit. A linear graph of A vs. 1/T, in turn, 
yielded values of and U, which will be presented along
with the other constants in a subsequent section of this 
report.
P. Chiou and A. Letton (1990) also developed a 
chemoviscosity model ensuing the formation of their kinetic 
model. The authors employed the modified Williams-Landel- 
Ferry (WLF) equation, which incorporates the contribution of 
the extent of cure into the expression by correlating the 
glass transition temperature of the polymerizing system with 
its viscosity (eq. 23):
ln[n(T)/n(Tg)] = -C,(T - Tg)/(C2 + (T-Tg)) (23)
where p(T) represents the viscosity at the cure temperature, 
p(Tg), the viscosity at the glass transition temperature, 
and and C2 are constants.
The next step entailed defining the relationship between Tg 
and a. Chiou and Letton used a fifth-order polynomial 
obtained from curve-fitting (eg. 24) to describe the 
Hercules 3501-6 resin:
Tg = 283.42+196.5a-925.4a2+3435a3-4715a4+2197a5 (24)
Finally, ln[p(Tg)] was correlated with a and the third order 
polynomial was generated (eq. 25):
ln[ji(Tg) ] = 20.72+8.56a-9.69a2+41 ,17a3 (25)
Instrumentation
A rheometer is the apparatus used to characterize the 
viscoelastic properties of various types of samples. Figure 
1.4 portrays the fundamental components of a parallel plate 
rheometer.
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Figure 1.4. Schematic diagram of the parallel plates, the 
torque transducer, and the servo motor in the 
RDA-700 Rheometer, from RDA Course Notes.
The actuator, or motor, is first instructed to deform the 
sample sandwiched between the two parallel plates. 
Subsequently, the transducer measures the stress imposed on 
the sample before relaying the signal to the control 
computer. The rheological parameters of interest are 
calculated upon interpretation of the transmitted signal.
Experimental laboratory measurements were made using a
24
Rheometrics Dynamic Analyzer Model RDA-700 with data 
acquisition by Rheometrics, Inc. software. The radius of 
each plate was 19.5 mm, the gap between the plates was in 
the 0.5 - 1.5 mm range, and the frequency of each
measurement was 1/60 Hz.
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Chapter II: Experimental Materials & Methods
Prior to expounding on the numerous experimental procedures 
performed it would be appropriate to describe the chemical 
network of the polymeric resin systems characterized in this 
investigation.
Materials:
Two resin systems were examined in this study: a formulated, 
standard tetraglycidyl epoxy-amine system (Hercules 3501-6), 
as well as an unformulated diglycidyl epoxy-amine system 
(Epon 828/MDA), both of which are explored extensively in 
this chapter. The fundamental reactions which occur during 
the polymerization of epoxy resins with primary amine curing 
agents are represented in the reaction schemes 1-4.
R' R
NHo + CH?-CH —  
\ / 
o
Primary Epoxide 
Amine
R 1 R
I I
nh-ch2-ch-oh
Secondary Hydroxyl
Amine
(1 )
Figure 2.1. Reaction Scheme 1: Epoxide functional group 
reacting with a primary amine.
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Secondary
Amine
0
Epoxide Tertiary
Amine
Hydroxyl
Figure 2.2. Reaction Scheme 2: Epoxide functional group 
reacting with a secondary amine.
R ’ R R R 1 R R
I I  I I I  I
nh-ch2-ch-oh + ch2-ch — -* nh-ch2-ch-o-ch2-ch-oh (3)
o
Hydroxyl Epoxide Ether Hydroxyl
Figure 2.3. Reaction Scheme 3: Etherification.
R R
I I
n CH2-CH — -> - [ -CH2-CH-0- ]n- (4)
0
Epoxide Ether
Figure 2.4. Reaction Scheme 4: Homopolymerization.
According to K.C. Cole [1] reaction 1 transpires quite 
readily to produce a secondary amine group and a hydroxyl 
group. Subsequently, the newly formed secondary amine group
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can further react to yield a tertiary amine group and a new 
hydroxyl group (reaction 2). Cole's conclusions establish 
that both of these reactions are catalyzed by hydroxyl 
groups. Reaction 3, which forms an ether link and a 
hydroxyl group, occurs between an epoxide or glycidyl ring 
and a hydroxyl group. Reaction 4 represents
homopolymerization, which may be initiated by the presence 
of impurity groups or specific catalysts, such as boron 
trifluoride complexes.
The tetrafunctional epoxy resin employed for analysis was 
the Hercules 3501-6 resin system. This polymeric material 
was supplied by Hercules through NASA-Langley Research 
Center, Hampton, VA., and stored in a freezer until needed. 
It contains a major epoxide, tetraglycidyl 4,4' 
diaminodiphenyl methane (TGDDM) or tetraglycidyl methlyene 
dianiline (TGMDA); two minor epoxides, (Alicyclic Diepoxy 
Carboxylate, and Epoxy Cresol Novalac); a hardener or curing 
agent, diaminodiphenyl sulfone (DDS), and a catalyst, boron 
trifluoride amine complex (BF3:NH2C2H5) [2,3]. Chemical
structures of the major components of this resin system are 
furnished in Figures 2.5 & 2.6.
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/\CMa—CMa-CH.
CH.—CH. 
\ / ■
TGMDA
Figure 2.5.
•NH
DDS
Figure 2.6.
The difunctional epoxy monomer utilized in the second part 
of this investigation was a diglycidyl ether of bisphenol A, 
DGEBA (Figure 2.7) (EPON 828, Shell Chemical Co. ) cured with 
an aromatic amine, methylene dianiline (MDA, Aldrich 
Chemical Co.), (Figure 2.8).
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DGEBA
Figure 2.7.
CH NH
Figure 2.8.
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Experimental Procedure:
Part A: Hercules 3501-6 resin
The preliminary stages of this study were devoted to 
determining the extent of reaction over time at various cure 
temperatures. This was accomplished by performing a series 
of isothermal and dynamic DSC scans; the former at 121°C, 
135°C, 149°C, 163°C, and 177°C/ the latter executed at a.
rate of 5°/min with temperatures ranging from 50° to 350°C. 
Polymeric samples were encapsulated in standard aluminum 
pans, as described in the instrumental section. The sample 
weight, measured on a microbalance with ±0.01 mg resolution, 
ranged from 8 to 15 mg.
The area under each of the isothermal curves was attained by 
triangulation, as indicated in Figures 2.9, 2.11, 2.13,
2.15, 2.17, in order to ascertain the heats of reaction.
The experimental data were then formulated into plots of a 
versus time upon pursuit of the prescribed method for 
attaining values of a. Figures 2.10, 2.12, 2.14, 2.16, 2.18 
depict the reramps of the respective isothermal runs.
SYSTAT, (SYSTAT, Inc.), a statistical fitting program, was
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used to fit the a data to the kinetic equations: 
da/dt - (k-j + k2a)(1 - a) (0.47 - a), for 0 s a < 0.17 (26)
da/dt = k3(1 - a)n, for 0.17 £ a < 1 (27)
These equations were devised in an effort to refine the 
Loos/Springer model [4], where the second kinetic equation 
was assumed to be first order (n = 1) by Loos and Springer. 
The experimental results suggest that if this assumption is
not made the more simple kinetic can be used when a = 0.17
as opposed to 0.30, the value suggested by the Loos/Springer 
model.
Upon subjecting the data to SYSTAT, values for the kinetic 
parameters, k1, k2, k3, and n were generated. The
experimentally determined parameters, along with their 
respective temperatures, are listed in Table 1.
Table 1. Kinetic parameters for the Hercules 3501-6
system.
TemDerature (°C) *1 —2 —3 n
121 .03822 -.18796 .00160 2.88
135 .09900 -.54000 .00634 1 .31
149 .12721 -.64231 .00800 1 .48
163 .06342 -.00355 .01959 1.18
177 .34376 -1.5696 .03194 .928
Values for a could then be back-calculated using the
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parameters and equations provided above. This was achieved 
using a TrueBASIC program (Appendix) which numerically 
integrates the furnished rate equations, da/dt = (k-| +
k2a) (1 - a)(0.47 - a) and da/dt = k3(1 - a)n, over the
designated ranges. Hence, the back-calculated results were 
used to construct new a versus time plots for each of the 
five temperatures (Figures 2.19 - 2.23).
The kinetic analysis implemented for this study will be 
discussed in full in the discussion section.
The next phase of this investigation entailed performing in- 
situ frequency dependent electromagnetic measurements on the 
Hercules 3501-6 resin sample using Dek Dyne sensors, 
software, and equipment described in the instrumental 
section. Preparation involved obtaining a small tin sample 
pan which could accommodate the Dek Dyne sensor, its face 
coated with a thin layer of resin. Grounded leads were used 
to connect the sensor to the impedance bridge. The sample 
pan also housed two thermocouples on either side of the 
sensor so the resin temperature could also be monitored 
during the course of the run. Culmination of each 
experiment yielded a plot of log(e"w) versus time (Figures 
2.24 - 2.28).
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The Hercules 3501-6 system was also subjected to rheological 
characterization. The first step involved heating the 
sample chamber, which encompasses the two parallel plates, 
to the desired temperature. The bottom plate was then 
thoroughly coated with the resin before the top plate was 
lowered onto the sample. The gap between the plates was 
recorded once the top plate made contact with the resin 
sample. For best results the operator should begin the run 
immediately since the measurements are indeed time- 
dependent. Figures 2.29 - 2.38 are graphs of p. versus time 
and G' , G" versus time at the temperatures under 
investigation.
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the Hercules 3501-6 resin system cured
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igure 2.33. Viscosity (P.) vs. Time (min.) for the Hercules 
3501-6 system during isothermal cure § 149°C.
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the Hercules 3 501-6 resin system cured 
isothermally § 149°C.
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Part B: DGEBA-MDA resin
Although the Hercules 3501-6 resin was formulated by the 
supplier, the DGEBA-MDA system was prepared on site. This 
allowed for the preparation of two distinct molar ratios: a 
stoichiometric ratio of epoxide groups to amine hydrogens as 
well as a 2:1 mole ratio of the same components. The 
stoichiometric ratio is equivalent to a 2:1 weight ratio 
since the epoxy equivalent weight of Epon 828 is 185-192 
g/mol and the molecular weight of MDA is 198 g/mol. 
Likewise, the 2:1 mole ratio is equivalent to a 4:1 weight 
ratio.
The mixing procedure entailed combining a pulverized amount 
of MDA with the Epon 828 epoxy resin. The compound was then 
stored in the freezer after several minutes of vigorous 
stirring.
The experimental techniques described previously, thermal 
analysis, dielectric analysis, and rheometry, were also 
exercised in this part of the investigation (Figures 2.39 - 
2.56). This time, however, a was calculated by computer 
integration. The DSC was also utilized to measure the Tg 
after the material had been cured for prespecified times.
57
Each run involved curing the sample to a certain degree, 
quenching from Tcure to -80 °C at a programmed rate of 
300°C/min, holding the temperature at -80°C for two minutes, 
and finally, subjecting the material to a temperature scan 
from -80 to 100°C at 10°C/min. The inflection point which 
occurs during the temperature ramp delineates the Tg 
(Figure 2.57). The DSC is equipped with the capacity to 
calculate the Tg as long as the onset and offset of the 
inflection are indicated. Helium instead of nitrogen gas 
was utilized to purge the sample chamber. The purpose was 
to prevent moisture accumulation in the chamber, since 
liquid nitrogen was used to cool the instrument down to sub­
ambient temperatures.
Before the plots of Tg versus a (Figures 2.58 - 2.59) were 
constructed for both of the epoxide/amine ratios, the 
instrument was calibrated with four standards; cyclohexane, 
octane, MDA, and distilled H20. In each case the melting 
points appeared on the temperature scan 14 degrees lower 
than anticipated. Therefore, a calibration factor of +14°C 
was added to each of the experimental values of Tg. The 
experimental data appear in Tables 2 & 3.
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T«h1t» 2, T_ values for the 1:1 mole ratio of DGEBA to MDA.
Run Name Cure Temp. Cure Time T_ Alnha
82094 0 min. -To°C 0
82095 90°C 10 min. 6.6°C .15
82096 90°C 20 min. 25°C .35
82091 90°C 30 min. 33°C .56
82104 90°C 35 min. 56°C .66
82097 90°C 40 min. 67°C .74
82106 90°C 45 min. 79°C .82
82112 90°C 50 min. 86°C .87
82107 90°C Full 110°C 1
Tahlb 3, Tg values for the 2:1 mole ratio of DGEBA to MDA.
Run Name Cure Temo. Cure Time T
-Tl°c
Aloha
82098 0 min. 0
82113 100°C 5 min. -5°C .17
82114 100°C 10 min. 1 3°C .35
82115 100°C 15 min. 1 5°C .52
82100 100°C 20 min. 27°C .65
82101 100°C 30 min. 39°C .80
82108 100°C 35 min. 54°C .83
82102 100°C 40 min. 71 °C .87
82109 100°C 45 min. 92°C .89
82110 100°C 50 min. 100°C .91
82111 100°C Full 11 7°C 1
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F igure  2.39. Log(e"w) vs. Time (min.) for the 1:1 mol. ratio 
of DGEBA to MDA during isothermal cure § 90°C.
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Figure 2.40. Log(€Mw) vs. Time (min.) for the 2:1 mol. ratio
of DGEBA to MDA during isothermal cure § 90°C.
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20010
180
160
140
120
CU
CDO 100
80
60
 ^ * fi '"V 40
20
18016214412690 108720 36 54IB
U
CD
C-
-D-4-J
CO
c_
Q)ae
cu
Figure 2.42
Time (minutes)
Log(€”w) vs. Time (min.) for the 2:1 mol. ratio
of DGEBA to MDA during isothermal cure § 100°C.
10
100
160
140
120
CD
100CDO
00
60
-  40
20
12010096047260403624120
CJ
CD
C_
13
-4-)
CO
C_
CD
□L
E
03
Time (minutes)
F i gure 2.43. Log(eHw) vs. Time (min.) for the 1:1 mol. ratio 
of DGEBA to MDA during isothermal cure § 110°C.
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F i g u r e  2.45. Log(€"w) vs. Time (min.) for the 1:1 mol. ratio 
of D G E B A  to M D A  during isothermal cure § 121°C.
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Figure 2.46. Log(e"w) vs. Time (min.) for the 2:1 mol. ratio
of DGEBA to MDA during isothermal cure § 121°C.
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2.51. Viscosity (P.) vs. Time (min.) for the 1:1 mol 
ratio of DGEBA to MDA during isothermal cure 
§ 110°C.
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2.54. Viscosity (P.) vs. Time (min.) for the 2:1 mol,
ratio of DGEBA to MDA during isothermal cure
@ 121°C.
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Figure 2.55. Alpha vs. Time (min.) for the 1:1 mol. ratio 
DGEBA to MDA during isothermal cure § 90°C, 
100°C/ 110°C, and 121°C.
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Chapter III: Results and Discussion
Part A: Hercules 3501-6 resin
As discussed earlier, the reaction kinetics of this resin 
system has been explored extensively, in this laboratory as 
well as in others [1-2]. Upon acquisition of the kinetic 
parameters presented in the experimental section plots of 
log(k-j) vs. 1/T, log(k2) vs. 1/T, log(k3) vs. 1/T, and n vs. 
1/T were constructed (Figures 3.1 - 3.4). If the
relationship of log(k) vs. 1/T is linear then the 
temperature dependence of the rate constant is generally 
given by the Arrhenius relationship:
k(T) = Aexp (-6E / RT) (28)
where 6E depicts activation energy, A is a constant, and T 
is in units of °K.
In every case all of the experimental data points fell on 
the line except for the 135°C data. Therefore, theoretical 
values of k-j, k2/ k3, and n at this temperature were
recalculated using the slopes and intercepts of the four 
lines, as illustrated below:
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logik^ = m(1/T) + b (29)
log(k}) = -2880.5(1/408.15) + 5.95 
logd^ ) = -1 .099
hence, k1 = .079
where m represents the slope and b, the y-intercept. The 
remaining values are included in Table 4.
Tahle 4. Kinetic parameters for the Hercules 3501-6 
system @ 135°C.
parameter
n
slope
-2880.5
-2735.4
-3258.5
6320.2
y-intercept
5.95
6.30
5.77
-13.3
value
0.0796
-0.393
0.00611
2.22
Thus,
= A1exp(-6E1/RT) (30)
k2 = A2exp(-6E2/RT) (31)
k3 = A3exp(-6E3/RT) (32)
A and 6E were computed by:
k = Aexp( -6E/RT) (33)
ln(k) = ln(A) - 6E/(RT) (34)
log(k) = log(A) - 6E/((2.303)RT) (35)
log A = b -6E/((2.303)R) = m
A = 10b 6E = -m(2.303)(8.314)
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T a h l 5 . Arrhenius parameters for the Hercules 3501-6 
system.
A sample back-calculation is demonstrated below:
k3 at 163°C:
k3 = A3exp{-6E3/RT)
k3 = (5.89 x 105 1/min)exp((-6.24 x 104 J/mol)/
(8.314 J/mol x 436 K))
k3 = 0.0196
Viscosity can also be correlated with a since viscosity and 
degree of cure were both measured as functions of time 
(Figure 3.5). For all intents and purposes the relationship 
between viscosity and degree of cure can be regarded as 
linear since the viscosity of the material increases as it 
approaches gel [2]. The data points begin to deviate from 
linearity after a certain point due to gel, as the 
macroscopic viscosity escalates rapidly with small increases 
in a [3].
parameter A (1/min) 
8.95 x 105 
2.00 x 106 
5.89 x 105
5.24 x 104
6.24 x 104
The experimental data were subjected to the same treatment
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adopted by Loos and Springer. First ln(p) was plotted 
versus a, which yielded values of A and K for each of the 
temperatures, where In (p.) = Ka + A.
Table 6. Chemoviscosity parameters for the Hercules 3501-6 
system.
A = ln(p00) + U/RT; therefore, a graph of A versus 1/T will 
generate values for the constant, p^, and the activation 
energy for viscosity, U (Figures 3.6 - 3.7).
Temperature K
27.0
26.7 
25.9
26.8
A
-1 .91 
-2.83 
-3.67 
-7.16
121 °C 
1 35°C 
1 49°C 
1 77°C
In(p^) = -43.40
U/R = 16495
Thus
— 26*6 — 0.7 
p*, = 1 . 42e-1 9 P 
U = 1.37e05 J/mol
Provided below is a sample back-calculation using the above
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parameters:
y at 121°C when a = 0.30:
A = ln(1.42e-19 P) + (1.37e05)/((8.314)(394)
A = -43.40 + 41.82 = -1.57 
ln(y) = -1.57 + (26.6)(0.30)
Thus, y = 6.1e02 P
From the original plots: 
a = 0.30 at 126 min.
Hence, y = 6.3e02 P
With the above parameters, degree of cure and viscosity can 
be predicted for any temperature. Alpha data at 127°C, 
152°C, and 177°C and viscosity data at 111°C, 127°C, and
154°C were back-calculated and then plotted, in order to 
compare our predictions with other results: Chiou/Letton 
(1990), Loos/Springer (1982), and McDonnell/Douglas (1984), 
who provide raw data [4].
The experimentally obtained a versus time data are in very 
close agreement with the Chiou/Letton model at 177°C and 
with the McDonnell/Douglas data at 121°C. Overall, the a 
values are a few hundredths higher than the Chiou/Letton 
model and a few hundredths lower than the McDonnell/Douglas
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data. The Loos/Springer model is dubious because its values 
for a are substantially higher than the rest (Figures 3.8 - 
3.15).
The viscosity data are in accordance with the 
McDonnell/Douglas data as well as the Loos/Springer model in 
the early stages of the reaction. The Chiou/Letton model, 
however, generates lower viscosity values than the others, 
particularly at the lower temperatures.
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Figure 3.5. Viscosity (P.) vs. Alpha for the Hercules
3501-6 system § 121°C, 135°C, 149°C/ and 177°C.
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Figure 3.6. In(Viscosity) vs. Alpha for the Hercules
3501-6 system 0 121°C, 135°C, 149°C, and 177°C.
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Figure 3.9. Viscosity (Pa.sec.) vs. Time (min.) for the
Hercules 3501-6 system using the experimentally
determined chemoviscosity model.
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3501-6 Loos/Springer 
Viscosity vs. Time
+  1 1 1 C A  1 2 7 C o  1 5 4 0
1000000 f -c
100000 ie
10000 jrE
1000 tcf
100 t
o 0 o o o o o o o o
* A tA
HI
i
o g g @ Q d 6 6 6 6
+ + + t
A
o $
£ + + + +
I °  At A , +
1 0  r  o  A . J .  +  +  +  +
1 r
4
0.1 §
+ + + + +
+ + + + +
+ +
Q  0 1  -1-. l— .l 1 I 1 I 1__l_.l---1-- 1 —  1-- 1--1-- 1--1— I 1.--1--1---1---1---1-- 1---l__.l-- 1
0  1 0 0  2 0 0  3 0 0
Time (min.)
Figure 3.11. Viscosity (Pa.sec.) vs. Time (min.) for the
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F i g u re  3.12. Alpha vs. Time (min.) for the Hercules 3501-6 
system using the Chiou/Letton kinetic model.
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Fi g ur e 3.13. Viscosity (Pa.sec.) vs. Time (min.) for the
Hercules 3501-6 system using the Chiou/Letton 
chemoviscosity model.
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Apart from expressing viscosity in terms of degree of cure 
these parameters may also be correlated with ionic 
conductivity, which is represented by e"w prior to gelation. 
Figure 3.16 is a composite graph of e"w versus a and Figure 
3.17, one of s"w versus >x. A sample data chart utilized in 
formulating these plots is provided in Table 7.
Although in every case ionic mobility decreases as the 
extent of reaction proceeds there exists an inherent 
temperature dependence. It is exhibited by the fact that at 
any given a a higher cure temperature will manifest greater 
ionic mobility.
Minimal temperature dependence can be detected when ionic 
mobility is correlated with viscosity. In fact, a one-to- 
one relationship appears to exist between these two 
parameters: as the macroscopic viscosity increases one
decade the ionic mobility or preferably, the molecular 
viscosity will decrease one decade. This relationship only 
holds until gelation. At this point the macroscopic 
viscosity rises at a much faster rate and eMw is 
consequently governed by its dipolar component.
The e"w data taken at 135°C are inconsistent with the rest; 
hence, they were eradicated from the composite plots. Also,
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it was virtually impossible to obtain reliable viscosity 
data at 177°C since the resin cures so rapidly at this 
temperature. Therefore, they too were eliminated. It 
should also be pointed out that a correction factor of two 
minutes was required to compensate for the time lag incurred 
at the start of each dielectric run.
With knowledge of e"w the calibration plots of e"w versus a 
and e " w  versus ] i  could be used to predict the degree of cure 
and the viscosity at any point during polymerization prior 
to gelation. Naturally, it would be most advantageous if a 
could be tracked all the way to full cure. Thus, a new 
method was devised for predicting extent of cure when the 
correlation graph of e "  versus a is no longer legitimate.
According to Kranbuehl, de'f/dt, which is an extremely 
sensitive measure of variation in ionic and dipolar 
mobility, is zero as the resin ceases to react and 
approaches full cure. Moreover, it is a much more sensitive 
indicator of full cure than the DSC. Nevertheless, one 
might express (deM/dt)/eM in terms of a for a given 
temperature and frequency. Two plots of (de'Vdt)/e " versus 
a at 177°C were constructed using the frequencies 50 Hz and 
5 kHz (Figures 3.18 3.19).
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This procedure has already been applied in Resin Transfer 
Molding (RTM) technology. The degree of cure and viscosity 
can now both be determined from the sensor output of such 
experiments since the process entails using DekDyne sensors 
to monitor the resin's flow properties during fabrication of 
a composite part. Included in Table 8, Figure 3.20, Table 
9, and Figures 3.21 - 3.22, respectively, are a sample RTM 
sensor output, a listing of raw time and e" data, a data 
sheet which displays predicted viscosity and degree of cure 
values, a plot of degree of cure versus time, and finally, 
one of viscosity versus time.
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Figure 3.16. e"w vs. alpha for the Hercules 3501-6 system 
§ 121°C, 149°C, 163 °C, and 177°C.
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Figure 3.17. c"w vs. viscosity for the Hercules 3501-6
system § 121°C, 149°C, and 163°C.
Table 7. Data used to formulate the calibration curves 
§ 163°C.
163C
f w e" e"*w alpha eta
1 5000 31415.93 6217.6 1.95E+08 0.0307 1.741
3.1 5000 31415.93 3208.6 1.01E+08 0.0822 2 .162
5.3 5000 31415.93 1938.6 60902915 0.125 2.768
7.4 5000 31415.93 143 8 45176102 ’ 0.162 3.826
9.5 5000 31415.93 1095.6 34419289 0.213 6.781
11.6 5000 31415.93 833.24 26177007 0.245 10.47
15.9 5000 31415.93 472.14 14832716 0.306 28 . 45
20.1 5000 31415.93 264.73 8316738 0.361 99.3
24.3 5000 31415.93 145.47 4570075 0.411 588.5
28.6 5000 31415.93 80.209 2519840 0.468 7516
32.8 5000 31415.93 45.163 1418837 0.508 26110
37 50 314.1593 2257.1 709088.9 0.545 50950
41.2 50 314.1593 1313.2 412553.9 0.578 74890
45 . 5 50 314.1593 ’ 770.51 242062.9 0.616 100400
49.7 50 314.1593 457.1 143602.2 0.644
54 50 314.1593 278.43 87471.36 0.669
58. 3 50 314.1593 173.44 54487.78 0.692
62.6 50 314.1593 111.42 35003.63 0.718
66. 8 50 314.1593 73.369 23049.55 0.738
71.1 50 314.1593 49.98 15701.68 0.755
75.4 50 314.1593 34.83 10942.17 0.771
79.7 50 314.1593 25.12 7891.681 0.79
83.9 50 314.1593 18.53 5821.371 0.803
3 5 0 1 - 6  
(de7d t)/e * vs. a lpha
+ 50 Hz.
avg.
0.1 -
+ + +
+
0.01 r
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0.00 0.10 02.0 030 0.40 0.50 0.60 0.70 0.80 0.90 1.00
alpha
re 3.18. (deM/dt.) /e" vs. alpha for the Hercules 3501-6
system @ 50 Hz..
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J re 3.19. (de"/dt)/c" vs. alpha for the Hercules 3501-6
system @ 5 kHz..
Table 8. Raw data of FDIMS output furnished in Figure 3.20.
Frequency Tine Temp «'
0.050 64.223 +176.014
0.050 66.207 +176.035
0.050 68.374 +175.959
0.050 70.547 +175.828
0.050 72.718 +175.706
0.050 74.702 +175.589
0.050 76.685 +175.496
0.050 78.674 +175.481
0.050 80.657 +175.465
0.050 82.638 +175.490
0.050 84.626 +175.469
0.050 86.612 +175.454
0.050 88.779 +175.461
0.050 90.766 +175.457
0.050 92.749 +175.451
0.050 94.916 +175.507
0.050 96.901 +175.522
0.050 98.884 +175.503
0.050 101.049 +175.515
0.050 103.032 +175.520
0.050 105.196 +175.501
0.050 107.181 +175.437
0.050 109.346 +175.410
0.050 111.328 +175.348
0.050 113.309 +175.323
0.050 115.291 +175.273
0.050 117.280 +175.214
0.050 119.265 +175.163
0.050 121.432 +175.093
0.050 123.415 +175.035
0.050 125.405 +175.047
0.050 127.389 +175.041
0.050 129.372 +175.011
0.050 131.352 +175.025
0.050 133.518 +174.959
0.050 135.505 +174.910
0.050 137.489 +174.833
0.050 139.475 +174.803
0.050 141.456 +174.762
0.050 143.439 +174.738
0.050 145.609 +174.768
0.050 147.593 +174.797
0.050 149.578 +174.808
0.050 151.930 +174.659
+ 3423 
+ 1951 
+979 
+446 + 2i‘l 
+ 114 
+66 
+42 
+29 
+ 22 
+17 
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Table 9. Predicted viscosity and degree of cure values for 
the RTM sensor output.
Ramp/Hold 3501-6
b:\t7l790pi e"*w vs. alpha used for f=25000 Hz.
Probe 1 bottom sensor (de"/dt)/e" vs. alpha used for f=50 Hz.
.me f (HZ.) V e" e n*w (de"/dt)/ eta (P.) alpha
29.7 25000 157079.6 46.32 7275929 e" 50 —
37.7 25000 157079.6 228.1 35829864 7.1 0.12
41.7 25000 157079.6 381.3 59894464 5.4 —
45.8 25000 157079.6 487 76497781 4.7 0.19
47.8 25000 157079.6 503.2 79,042471 4.4 0.35
60.6 25000 157079.6 69.69 10946880 25 0.48
64.5 25000 157079.6 24.58 3861017 110 0.56
68.7 25000 157079.6 9.247 1452515 570 0.62
73 25000 157079.6 4.049 636015.4 2000 0.69
77 25000 157079.6 2.184 343061.9 0.74
80.7 50 314.1593 293.4 —
84.6 50 314.1593 165 —
88.8 50 314.1593 99.99 —
92.8 50 314.1593 67.03 -0.123 0.78
96.9 50 314.1593 47.69 -0.0989 0.82
101.1 50 314.1593 35.79 -0.0792 0.84
105.2 50 314.1593 28.18 -0.0659 0.86
109.3 50 314.1593 23.06 -0.0542 0.87
113.3 50 314.1593 19.65 -0.0434 0.88
117.3 50 314.1593 17.22 -0.0353 0.9
121.4 50 314.1593 15.36 -0.0295 0.92
125.4 50 314.1593 14 .04 -0.0235 0.93
129.4 50 314.1593 12.97 -0.0206 0.95
133.5 50 314.1593 12.04 -0.0188 0.95
137.5 50 314.1593 11.25 -0.0176 0.96
141.5 50 314.1593 10.68 -0.0133 0.97
145.6 50 314.1593 10.2 -0.0115 0.97
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in relation with the Loos/Springer model.
10000 200
180
1000 160
140
100 120
S im u la tio n  M odel 
F D E M S
100
Tem perature, C
60
Heice* Hi-Tecn (.45.0,-45.90), 
Reun: Hercules 1501-6
12060 150
Time, min
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RTM sensor output, exhibiting the FDIMS results 
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Part B: DGEBA-MDA resin
This portion of the research entailed comparing the 
chemical, Theological, and morphological behavior of a 
stoichiometric ratio of DGEBA to MDA with a 2:1 mole ratio 
of the diglycidyl epoxy resin to its aromatic amine curing 
agent. The Log(e"w) versus time plots (Figures 2.39 - 2.46) 
reveal that the 2:1 mole ratio of resin forms a tighter 
network than the stoichiometric mixture upon polymerization. 
It is evidenced by the faster decrease in ionic mobility and 
earlier emergence of dipolar peaks, which arise in the 
presence of excess epoxy functional groups.
The composite graphs of a versus time (Figures 2.55 - 2.56) 
show that the stoichiometric mixture of epoxy to amine cures 
faster than the other. The measurement of heat flow by the 
DSC is universal; thus a system which consists of more 
functional groups would require more heat to cure. 
Furthermore, etherification (Figure 2.3), which occurs in 
the mixture containing excess epoxy, is substantially slower 
than the epoxy-amine reactions (Figures 2.1 - 2.2), which 
occur in both concoctions [5-6].
The viscosity versus time plots (Figures 2.47 - 2.54) depict 
the excess epoxy as a plasticizer by the fact that the
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viscosity of the 2:1 mole ratio is lower than that of the 
1:1 mole ratio prior to gelation.
It should be noted that the macroscopic viscosity and degree 
of cure data attained at 90°C are anomalous. Experiment 
proved the melting point range of MDA to be 89° to 91 °C, 
hence, the MDA must undergo a phase transformation prior to 
engaging in a reaction with the DGEBA. Consequently, the 
mixture which contains more of the amine curing agent 
required additional time to react.
The plots of Tg versus a for both mixtures revealed that the 
relationship between the Tg and a for the stoichiometric 
mixture is more nearly linear than the other. Furthermore, 
the presence of excess epoxy caused the Tg of the 2:1 mole 
ratio at a specific degree of cure to be lower than the 
other prior to etherification. As various authors [5-6] 
have asserted, after all of the limiting amine curing agent 
has reacted with the epoxy the remaining epoxy functional 
groups can react with one another (etherification) (Figure 
2.3) to form ether linkages or they could conceivably embark 
on homopolymerization (Figure 2.4). Thus, at a « 0.7 the 
2:1 mixture will experience a notable increase in Tg as the 
reaction proceeds and ultimately, the Tg of the 2:1 ratio
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will be higher than that of the stoichiometric combination. 
The C-0 bonds formed upon etherification are shorter than 
the C-N bonds generated during the epoxy/amine reactions, 
thus producing tighter crosslinks.
The stoichiometric ratio of DGEBA to MDA yielded a Tg of 
110°C, which is 53° lower than the value reported by N.J. 
Johnston [7]. Studies conducted at the NASA Langley 
Research Center in Hampton, VA., also indicate that the 
glass transition temperature of an epoxy/amine resin system 
is significantly lower in the presence of moisture [7]. 
Hence, it is likely that the original container of Epon 828 
epoxy resin, from which all of the samples were obtained, 
accumulated moisture since the data were reproducible.
The relationships, e"w versus a and e"w versus viscosity, 
were also examined for the two ratios of DGEBA/MDA. A 
temperature dependence is evident when the stoichiometric 
mixture’s e"w is correlated with a (Figure 3.23). In the 
case of the 2:1 ratio (Figure 3.24); however, no temperature 
dependence is apparent due to the plethora of epoxy that 
does not react with the amine groups. These epoxy groups 
could possibly interfere with the epoxy-amine reactions, 
depending upon the orientation of the functional groups in 
the mixture [8]. More specifically, if the epoxy functional
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groups begin reacting with one another sooner the ionic 
mobility will, of course, decrease sooner. Hence, the cure 
temperature would play a lesser role in determining the 
ionic mobility of the 2:1 mixture, since there is another 
factor involved in this situation.
In both cases the plots of e"w versus viscosity (Figures 
3.25 - 3.26) suggest that the relationship is independent of 
temperature. For a given viscosity, however, the 
stoichiometric mixture had a higher ionic mobility than the 
other. In an attempt to learn whether this effect should be 
attributed to the morphology of the mixtures or merely to 
the nature of the monomers, FDIMS experiments were conducted 
on the DGEBA and MDA independently (Figures 3.27 - 3.28). 
The results suggest that the MDA has a higher ionic mobility 
at temperatures higher than 90°; however, the difference is 
only 1/4 that detected between the two plots of e"w versus 
viscosity. Hence, it could be asserted that the morphology 
of the system undoubtedly governs its ionic mobility.
The graphs of a versus x (Figures 3.29 - 3.30) substantiate 
the above resolutions because the dipolar peaks occur 
earlier in the reaction when there is a greater number of 
epoxy groups present in the mixture. The time at which 
e"dipolar achieved a maximum for each of the frequencies
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assessed was noted and the values for x, 1/2nf, were then 
correlated with their respective a values. As put forth by 
Kranbuehl [9] the evolution of dipolar peaks depicts the a 
relaxation, pre-glass region, and the build-up in Tg. 
Consequently, a specific relaxation time should appear 
sooner at the lower temperatures since Tg approaches Tcure 
more quickly under such circumstances.
x was later plotted versus 1/Temperature for constant a 
values (Figures 3.31 - 3.32). The higher degrees of cure 
correspond with longer dipolar relaxation times because an 
extended, more crosslinked polymeric chain requires more 
time to rotate and relax. As a result, its dipolar peak is 
detected by one of the lower frequencies.
The Vogel-Tammann-Fulcher-Hesse (VTF) equation [9] (eq. 1) 
was employed to characterize the temperature dependence of 
the dipolar relaxation times since x is proportional to 
Aexp-B/ (T -Tw) where A and B are constants and T*, is 
approximately equal to the glass transition temperature of 
the polymeric material in its fully relaxed state [9]. It 
should be considered that a measured value of Tg will always 
be higher than its actual value since it is unquestionably 
a time-dependent parameter.
log x = A + B / ( T -  Tw) (36)
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Plots of x versus 1 / (T - T.J were devised for five different 
degrees of cure; 1:1 mole ratio: .82, .86, .90, .94, and
.98; 2:1 mole ratio: .70, .74, .78, .82, and .86.
Figure 3.33 is a plot of x versus 1/(T - Tw) for the 1:1 
mole ratio where T^(a) = Tg(a) - 140°, and Figure 3.34 is a 
graph of the same relationship for the 2:1 mole ratio where 
T^a) * Tg(a) - 70°. These relationships are virtually 
linear when these expressions for T^Ca) are chosen. Under 
linear conditions A and B represent the y-intercept and the 
slope, respectively.
Figure 3.35 was included to illustrate how the offset values 
of Tg were determined for the stoichiometric mixture. As 
denoted in the figure, when T^Ca) = Tg(a) - 70° the graph is 
certainly not linear. Persistence proved that selecting a 
higher offset value would steer the high a or Tg values into 
linearity. This could be justified by the fact that a 
polymeric material which has a high Tg would require a 
longer measurement time span than one characterized by a 
lower Tg, since the more rigid material is further removed 
from its relaxed state.
Thus, it can be concluded that during the post-gel build up 
in Tg the dipolar relaxation time changes with temperature
103
and a in accordance with the VTF equation [9].
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Figure 3.23. e"w vs. alpha for the 1:1 mol. ratio of DGEBA 
to MDA.
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Figure 3.24. €Mw vs. alpha for the 2:1 mol. ratio of DGEBA
to MDA.
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Figure 3.25. e"w vs. viscosity for the 1:1 mol. ratio of 
DGEBA to MDA.
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Figure 3.26. 6"w vs. viscosity for the 2:1 mol. ratio of
DGEBA to MDA.
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Fi g u r e  3.27. Log(e»w) vs. Time (min.) for DGEBA.
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Figure 3.28. Log(e"w) vs. Time (min.) for MDA.
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Conclusions:
The primary purpose of this research was to gain a 
fundamental understanding of the evolving ionic and dipolar 
mobility of epoxy resin systems, in terms of their 
chemistry, rheology, and morphology. FDIMS proved
convenient and effective in elucidating the ionic and 
dipolar behavior of the epoxy resins.
Provided below is a summary of the results of this 
investigation.
Hercules 3501-6 resin system:
* The relationship between ionic mobility and 
macroscopic viscosity is not dependent on 
temperature, however, a temperature dependence 
is present between ionic mobility and degree of 
cure.
* The experimentally determined analytical models
are preferred over the others.
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DGEBA/MDA resin system:
* The Tg of the 1 :1 mole ratio is initially higher 
than the 2:1 mole ratio at a given degree of 
cure, however, upon etherification the 2:1 
mixture yields a higher Tg than the other.
* As is the case with the Hercules 3501-6 resin, 
the stoichiometric mixture reveals a temperature 
dependence between the ionic mobility and degree 
of cure.
This dependence is not evident in the case of 
the 2:1 mixture due to the presence of excess 
epoxy, which acts as a plasticizer prior to 
etherification.
* The dipolar peaks of the 2:1 mixture occur 
sooner than the stoichiometric mixture at a 
given temperature, hence the 2:1 mixture 
ultimately yields a higher Tg.
* The VTF equation indicates that the relationship 
between dipolar relaxation time and 1/(T - Tw) 
is linear for the 1:1 ratio when Tw = Tg - 140°
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and is linear for the 2:1 ratio when 
To* = Tg - 70°.
Appendix. TrueBASIC program designed to back-calculate the 
alpha data using the kinetic models.
Ok. list
!to find alpha at any time
open #5: name "a:lolll.dat", create newold, org text 1 record
Iset #5: recsize 400
let ma=0
let me=0
let mi=0
let a = 0
let t =1
let dt = 1
!let kl =.0567
Ilet k2 =-.289
Ilet k3 =.00423
let n =(1/427.15)*(63 20.2)-13.27
let al=0
let a2=0
let a3=0
let nl=1.06
let n2=l.17
let n3=3.05
let kl=2.098e9*exp(-11220/425.15) 
let k2=1.257el0*exp(-10250/425.15) 
let k3=7.Ie21*exp(-20570/425.15)
Ilet kl=2.101e9*exp(-8.07e4/(8.314*384.15))
I let k2=-2.014e9*exp(-7.78e4/(8.314*384.15))
I let k3=l.960e5*exp(-5.66e4/(8.314*384.15))
Ilet kl=8.95e5*exp(-5.52e4/(8.314*427.15)) 
n e t  k2=2e6*exp(-5.24e4/(8.314*427.15))
Ilet k3=5.89e5*exp(—6 .24e4/(8.314*427.15)) 
print "Time”, "Alpha" 
for i = 1 to 300
I if a <= .17 then let da = (kl-k2*a)*(1-a)*(.47-a)*dt
I if a> .17 then let da = k3*(1-a)An*dt
!if a<= .3 then let da = (kl+k2*a)*(1-a)*(.47-a)*dt
lif a> .3 then let da = k3*(l-a)*dt
if ale.85 then let dal=kl*(.85-al)Anl
if a2<.095 then let da2=k2*(.095-a2)An2
if a3<.055 then let da3=k3*(.055-a3)An3
if al>=.85 then let al=.85
if a2>=.095 then let a2=.095
if a3>=.055 then let a3=.055
let al=al+dal
let a2=a2+da2
let a3=a3+da3
let a=al+a2+a3
let da=dal+da2+da3
!let da=ma+me+mi
Ilet da=kl*aAm*(1-a)An
let a = a + da
Iwrite #5:t,a
I print #5:ma,m e ,mi
Iprint #5:t,a
print t,a
let t=t+l
let dal = 0
let da2 = 0
let da3 = 0
next i
end
58 lines listed.
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